We describe the construction and use of a cosmid vector, loric, which is derived from the phage X origin of replication and appears to be more stable than ColElderived cosmids. Loric recombinants can be efficiently packaged in vivo to yield 100-300 ,ug of DNA per liter that is linear and has single-stranded cos ends. We call such molecules "phosmids." Phosmid restriction maps can be rapidly generated by labeling either the left or right cos site by annealing on a 32P-labeled oligonucleotide complementary to either cos-L or cos-R. Partial restriction enzyme digestion, agarose gel electrophoresis, and autoradiography are used to size restriction fragments of increasing length, all of which terminate at the labeled cos site. The procedures have been tested by isolating and mapping a region of the H-2 locus of mouse chromosome 17.
17.
The isolation of large regions of eukaryote genomes in a series of overlapping recombinant DNA clones has recently become the focus of much attention and speculation (1) . Two strategies have been used; "walking" is the systematic isolation of DNA from one end of a recombinant and its use to screen libraries of cloned DNAs to isolate the adjacent DNA sequence (a "step"). The walk proceeds as a linear sequence of "steps." The alternative strategy is to isolate many DNA sequences, all of which contain, for example, a mouse H-2 gene. The various DNA fragments are then placed into an ordered set of overlapping fragments by restriction enzyme mapping and alignment of the maps by inspection. Both approaches present serious logistic and technical problems.
The two techniques have different areas of application but have features in common. Both require the rapid isolation of recombinant DNA molecules and the generation of restriction maps of varying precision. Large-scale mapping has been successfully carried out by at least three groups (2-4), but we feel that further refinements to vectors and protocols could significantly reduce the considerable investment of personnel and time that has been required. We have concentrated on four areas of technical development; improvement of cosmid stability, improvement of cosmid yield, ease of preparation, and improvement of methods for restriction enzyme site mapping. In this paper we describe a cosmid vector that makes a significant contribution to all four areas.
The loric cosmid (for "lambda-origin cosmid") is based upon the phage X origin of replication, and loric recombinants show higher and more constant copy number than do most ColEl replicon-based cosmids. Loric maintains a constant copy number with increasing size, and this should contribute to increased stability of amplified loric recombinant libraries. Recombinant loric cosmids can be very efficiently packaged in vivo, and this allows the isolation of cosmid DNA that is linear around the cos site and has the normal cos cohesive ends. We call such molecules "phosmids" (for phage cosmids). Rapid restriction mapping of the phosmid is possible by using "cos mapping." This procedure, developed by Rackwitz et al. (5) , uses a 32P-labeled oligonucleotide homologous to either cos-L or cos-R to end label the phosmid. Partial restriction enzyme digestion is then used, in a procedure analogous to that of Smith and Birnstiel (6) , to map restriction sites in the cosmid. The procedure is significantly faster than previous protocols.
MATERIALS AND METHODS
Bacterial Strains. pBR322 derivatives were routinely grown in Escherichia coli strain MM294 cells (7) . Loric constructs were generally grown in E. coli strain ED8767 (8) . ,f plasmid derivatives were grown in E. coli strain W3110(P3) (9) . In vivo packaging was carried out in E. coli strain BHB3175 (10), which is strain HL202 lysogenized with phage X 3169, a Aimm434 cls b2 red3 Sam7 (ts = temperature sensitive) strain. Wild-type phage X was a gift of N. Murray.
Construction of Loric Cosmids. The scheme for the construction of loric is detailed in Fig. 1 . Starting plasmids or phage used in the construction were: phage X cos from PiCos, made by insertion of the Pst I fragment containing A cos from MUA-10 (11) into the plasmid ffAplac (12) ; the neomycin phosphotransferase gene (neo; neomycin-resistance gene) from TnS was isolated from pBRNeo, a derivative of pRZ112 (13) ; the A+ origin of replication was isolated as a HindIII-BamHI fragment from A+ DNA (positions 37,584-41,732). All restriction enzyme digests, ligation reactions, and filling-in reactions with DNA polymerase I Klenow fragment were essentially as in ref. 14. All constructs were checked by at least two diagnostic restriction enzyme digestions.
Construction of Recombinant Cosmid Libraries. Libraries were constructed by insertion of partial HindIII-cleaved eukaryotic DNA into the HindIII site of loric. The mouse DNA was isolated from a cell line homozygous for the tW12 haplotype (15) . We used standard methods (see refs. 10 and 14) for generation of partially digested DNA and isolation of 25-to 50-kilobase (kb) partial fragments. Conditions for partial digestion were chosen by using the method of Seed et al. (16) 10 ,g of poly(C) per ml, and 106 cpm of denatured probe DNA per ml (lx NaCl/Cit is 0.15 M NaCl/0.015 M sodium citrate, pH 7.0; Denhardt's solution is 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin). The poly(C) is required to prevent cross-hybridization of G+C-rich DNA tracts to the poly(G)-poly(C) tracts surrounding the cos site in loric. We also include in the reaction the following unlabeled denatured competitor DNAs; pJB8 at 0.3 ,g/ml, loric at 0.4 ,ug/ml, and E. coli DNA at 20 ,g/ml. After hybridization filters were washed three times at room temperature in 2 x NaCl/Cit for 20-60 min and then washed for 40 min in 0.1 x NaCl/Cit at 60°C. After drying in air, filters were exposed to x-ray film at -70'C for 12-48 hr. Signals under these conditions were intense.
Growth of Loric Cosmids and Phosmids. Loric cosmids were grown in ED8767 cells to saturation overnight in L/Km (14) . The cosmid DNA was made by the protocol of Birnboim and Doly as modified (18) . Small-scale preparations were from 1.5-ml samples of cultures. pJB8 derivatives were grown to saturation in M9CA medium (14) supplemented with 0.5 ,g of uridine per ml.
Phosmid versions of recombinant loric were grown by in vivo packaging in BHB3175 cells as described by Hohn (19) . Individual cosmids were introduced into BHB3175 cells either by in vitro packaging of cosmid DNA or by infection of ED8767/cosmid cells by phage A 3169 and subsequent in vivo packaging of the cosmid. Packaged cosmids were adsorbed to BHB3175 cells and plated onto L/Km agar plates and grown at 320C. Cells were then tested by growth on L/Km agar plates at 320C and 420C. A colony that was only capable of growth at 320C and, therefore, contained the temperature-sensitive prophage was then grown in 1-liter culture. After induction and growth at 37°C as described by Hohn (19) , phosmid DNA was prepared by two different methods. Large-scale preparations consisted of lysis of cells with chloroform, purification of phosmids by polyethylene glycol precipitation, CsCl step gradients, and DNA preparation, all by standard phage X methods (14) . Rapid small-scale preparation was by concentration of 10 ml of induced culture by centrifugation and preparation of DNA by the alkaline method developed for plasmid preparation (18 (14) . Labeling efficiency was 10-30% label incorporated; product specific activity was between 6 x 106 and 1.8 x 107 cpm/,ug.
We have not attempted to optimize the conditions of cos labeling.
RESULTS
We constructed loric as described in Materials and Methods and Fig. 1 . It is a plasmid of 6.27 kb, and almost the complete sequence is available from published data. Only 17 base pairs of the plac polylinker and a variable number of guanosine or cytidine residues in the "tailed" cos site from MUA-10 (11) have not yet been sequenced. The cosmid vector can be used for cloning at the BamHI, Xba I, HindIII, Cla I, or Sac II sites.
Cosmid Copy Number. We used randomly selected mouse DNA/loric recombinants to compare yield with a commonly used pBR322-derived cosmid, pJB8 (19) . We grew small-scale cultures to saturation and made DNA from 1.5 ml. We find that the modified Birnboim and Doly procedure (18) gives reproducible plasmid/cosmid yields and use the amount of DNA in the final preparation to calculate an approximate average copy number within the E. coli cell. Analysis of 11 randomly selected pJB8/mouse recombinants (a gift of W. Brown, Edinburgh, UK) showed that 3 had a copy number of about 10, 3 of 17, 2 of 35, 2 of 50, and 1 of 70. In contrast, of 11 randomly selected loric recombinants, 2 had a copy number of 17, 1 of 35, 7 of 50, and 1 of 70. We conclude that yield of recombinant loric cosmids is generally higher than that of pJB8 recombinants.
We selected a single recombinant loric (12.2) for more detailed analysis of copy number. In Fig. 2 we compare restriction enzyme-cleaved DNA prepared from 0.15 ml of culture of loric, 12.2, pJB8, and a recombinant plasmid pJB8 containing the human fetal globin genes (HG3) (20) . From these data we conclude that the copy number of most loric recombinants is essentially the same as the loric vector itself. Both 12.2 and nonrecombinant loric have an estimated copy number of 50, and this is in marked distinction to HG3 (copy number 17) and pJB8 (copy number about 200). There was about the same mass of HG3 and pJB8 in the cell. This observation was true for any recombinant with a copy number of less than 20. We believe that this identifies one observed source of cosmid library instability. It is to be anticipated that for ColEl-derived cosmids, small molecules, probably generated by illegitimate recombination, will inevitably dominate a population by virtue of their increased copy number, and this accounts for anecdotal reports of cosmid libraries that have become overgrown by small vector-sized molecules.
We felt that these observations indicated that loric cosmid libraries should be stable during the process of library amplification and, therefore, screened the amplified mouse twL2 library for a unique DNA sequence. We chose a DNA fragment, 46:11, isolated from a cosmid containing a mouse H-2 class I gene described by Steinmetz et al. (3) . This has been shown by Rogers these cosmids as described. In initial experiments we assayed plasmid and helper-phage yield by colony or plaque formation. Cleared lysates of Al, K11, and 12.2 contained between 1.5 x 109 and 7.1 x 109 phosmid particles per ml and between 6 x 103 and 9 x 103 helper phage per ml. In contrast HG3 yield was only 5 x 107 phosmids per ml and 1.5 x 104 helper phage per ml, but other higher-copy-number pJB8 derivatives yielded up to 109 phosmids per ml. BHB3175 alone yielded 1.36 x 105 helper phage per ml. We concluded from this that there was sufficient phosmid yield to allow direct analysis of phosmid DNA and that the presence of loric recombinants in the packaging strain appeared to suppress helper-phage titers.
Restriction enzyme analysis of phosmid K11 was carried out (i) to show that the phosmid was a linear molecule with open cos sites and (ii) to show that yields of helper phage DNA were low. Agarose gel electrophoresis of DNA fragments generated with EcoRI are displayed in Fig. 3 . From the restriction map of the loric vector molecule, we can predict that a fragment of 3.34 kb (Fig. 3, arrow) corresponding to the distance between the EcoRI site in the phage X 0 gene and the cos site in loric, including the neo gene, should be present in phosmid but not cosmid versions of K11. A second fragment of about 0.4 kb, corresponding to the DNA between the cos site and the first EcoRI site in the mouse DNA insert, is too small to be seen on this gel analysis. The equivalent 3.75-kb EcoRI fragment containing the joined cos site in the cosmid K11 is similarly marked. We also observe a number of fragments at considerably reduced yield. These correspond to the fragment pattern expected for the helper phage (own unpublished data) but appear to be at higher yield than the relative titer of phosmid and helper phage indicates. It is likely that they represent defective phage genomes, and this is discussed further below. The results of the rapid DNA preparation described in Materials and Methods is shown in the Phosmid/Cosmid lane of Fig. 3 . This track is analysed in detail below. Our main concern was that the level of helper- (5) , using partial restriction enzyme digestion and a 32P-labeled oligonucleotide to label the cos-L or cos-R site, in a procedure analagous to that used by Smith and Birnstiel (6) , to construct a restriction site map. We used two oligonucleotides. cos-R has the sequence A-G-G-T-C-G-C-C-G-C-C-C and is complementary to the cos-L site of phage X. cos-L is G-G-G-C-G-G-C-G-A-C-C-T and is complementary to the cos-R site of phage X. Thus, cos-L detects the cos-R site, and we call this cos-R mapping. We used cos-R and cos-L mapping, as detailed, to construct a map ofHindIII sites within phosmid Kll. Fig. 4 shows autoradiographs of cos-R and cos-L mapping gels. Sizes of radioactive fragments were calculated relative to the mobility of nonradioactive phage X' DNA size markers. This inevitably introduced errors in size estimation. However, fragment sizes of phosmid DNA in total digests could be accurately estimated by standard means, and we used the estimated radioactive fragment sizes to order the known fragments. The larger fragments detailed in this figure were also sized on gels run for greater distances. This allowed the construction of the maps shown in Fig. 4 . The map of Al is identical to Kll but lacks the left 1.45-kb and the right 6.0-kb fragment (data not presented). In K11 a single fragment is ambiguous; the 0.8-kb fragment is located between the 8.5-and 12.5-kb fragments from the data of Rogers and Willison (21) but could not be mapped in our experiments because of the large fragment sizes of partial digests containing cos-R or -L and the 0.8-kb fragment. We also note that cos-R and cos-L of the helper phage were at low yield, and K11 fragments could be identified unambiguously.
Rapid Techniques. The procedures we used for isolation of phosmids were laborious. Therefore, we developed the rapid isolation procedure described in Materials and Methods. In Fig. 3 , we showed fragments generated by EcoRI digestion of the DNA from 1/10th of the sample (Phosmid/Cosmid lane). There was a mixture of both cosmid and phosmid fragments in this preparation, shown by the occurrence of the 3.34-kb phosmid and the 3.75-kb cosmid fragments. The latter fragment will not be detected by the cos probes. We also note that there was an increased yield of helper phage in the plasmid preparation protocol (open arrows), although the cosmid/ phosmid DNA was in excess. Fig. 5 Upper presents the results of cos-R and cos-L mapping of Kll partially cut with EcoRI. Lanes P+C display partial digests made from DNA isolated by the rapid protocol. Lanes P show the results of separate mapping experiments with DNA made by CsCl isolation of phosmids as described. We conclude that cos mapping can be successfully accomplished with rapidly isolated DNA and that maps generated do not differ from those generated with pure phosmid DNA. The arrow in 
DISCUSSION
In this paper we describe the construction and some properties of a cosmid (loric) based upon the phage A+ origin of replication. The cosmid is designed to facilitate the experimental manipulations involved in the construction of large numbers of restriction enzyme cleavage site maps. There are three features of loric that contribute to this goal. First, the yield of loric recombinant cosmids is more consistent and often higher than that of equivalent-sized ColEl cosmid recombinants. DNA from small scale cultures can be directly used in a variety of mapping and hybridization experiments (unpublished data), and this eliminates time consuming CsCl density gradients in DNA preparation protocols. Second, loric copy number appears to remain constant with increasing size. This is in contrast to ColEl-derived size and copy number. We believe that this feature of loric will result in more stable cosmid libraries; this will facilitate multiple analysis of the same library. Third, loric recombinants are efficiently packaged in vivo, and this allows isolation of the cosmid as a linear molecule (phosmid). We have developed fast methods for isolation of phosmid DNA and subsequent generation of restriction enzyme cleavage maps by cos mapping. The features of loric that allow efficient phosmid growth are not readily apparent. A major contribution to the superior yield of loric compared to pJB8-based phosmids is the increased copy number of loric cosmids compared to many ColEl-based cosmids. It is also possible that "rolling-circle" replication of loric may be more efficient than in ColEl derivatives. The rolling-circle mode of replication in phage X is dependent on the gam gene product (22) , but there is a report that gam also can have a stimulatory effect on in vivo packaging efficiencies of ColEl-derived cosmids (23) . We would suggest that the high phosmid titers of loric recombinants is perhaps due to more efficient rolling-circle replication. The yield of phosmids indicates that the phosmid burst size is only about 10. We do not know whether this average figure is a true description of phosmid production or whether some cells produce a larger burst.
The higher yield of phosmid compared to helper phage can be explained in part by the work of Matsubara (24), who suggested that instability of phage X dv and imm434 dv plasmids in the same cell may be due to genetic function located within or near CII or ice. We also have noticed that the presence of a loric recombinant suppresses, in part, helper-phage titers. We only can surmise that this is caused by the interaction mentioned above.
Phosmid titers were up to 106-fold higher than helper-phage titers. Earlier we indicated that it is possible to detect nonphosmid DNA fragments that are present at much higher yields than could be expected from helper-phage titers (Fig.  3) . We suggest that these are derived predominantly from doc-L particles (25) , which contain cos-L and the DNA up to att and beyond into the E. coli DNA. The right end is heterogeneous. Sternberg and Weisberg (25) indicate that doc-L particles are produced with 103-fold higher yield than is helper phage when b2 lysogens similar to phage X 3169 are used. We believe that this is the source of the additional DNA fragments. Indeed in Fig. 5 we detect, in a complete EcoRI digest, a faint high molecular weight fragment that probably corresponds to the large left EcoRI fragment seen from most phage X digests. The equivalent cos-R-containing fragment, doc-R, is generated at 1/1000th the amount of doc L, and we would not detect this with cos-R mapping (26) .
Cloning Strategy. We have chosen to use HindIII partial digestion to construct our cosmid libraries, as opposed to more conventional 4-base-pair recognition site enzymes, for two reasons. The theoretical analysis of Seed (27) and Seed et al. (16) has shown that the fraction of mouse DNA that is not clonable in cosmid vectors after HindIII cleavage is negligibly small and is of the same order of magnitude as the fraction not clonable in phage vectors after four-base-cutting partial cleavage. We observe that a fraction (-5%; unpublished data) of mouse DNA is refractory to HindIII and therefore unclonable. This is probably mouse satellite DNA or another tandemly repeated simple sequence. We have seen similar phenomena with some four-base recognition site enzymes. Secondly, the analysis of cosmids made by HindIII cleavage is much simplified by the knowledge that all fragments from the cloned mouse DNA should correspond to identical fragments in either the mouse genome or in other cosmids, in distinction to, for example, BamHI cleavage of cosmids generated by Mbo I partials cloned into a BamHI vector site. This facilitates mapping overlap and clone analySiS.
